Antimicrobial resistance is a complex issue with a large volume of published literature, and there is a need for synthesis of primary studies for an integrated understanding of this topic. Our research team aimed to have a more complete understanding of antimicrobial resistance in Canada (IAM.AMR Project) using multiple methods including the literature reviews and quantitative modelling. To accomplish this goal, qualitative features of publications (e.g., geographical location, study population) describing potential relationships between the occurrence of antimicrobial resistance and factors (e.g., antimicrobial use; management system) were of particular interest. The objectives of this review were to (a) describe the available peer-reviewed literature reporting potential relationships between factors and antimicrobial resistance; and (b) to highlight data gaps. A comprehensive literature search and screening were performed to identify studies investigating factors potentially linked with antimicrobial resistance in Campylobacter species, Escherichia coli and Salmonella enterica along the farm-to-fork pathway (farm, abattoir (slaughter houses) and retail meats) for the major Canadian livestock species (beef cattle, broiler chicken and pigs). The literature search returned 14,966 potentially relevant titles and abstracts. Following screening of titles, abstracts and full-text articles, the qualitative features of retained studies (n = 28) were extracted. The most common factors identified were antimicrobial use (n = 13 studies) and type of farm management system (e.g., antibiotic-free, organic; n = 8). Most studies were conducted outside of Canada and involved investigations at the farm level.
| INTRODUC TI ON
Antimicrobial resistance is global issue that threatens the health of humans and animals. There is general agreement that widespread antimicrobial use creates conditions that can select for the expression and exchange of resistance genes in pathogenic and commensal bacteria. Yet, the relative contributions of antimicrobial use in veterinary and human medicine to the emergence of resistant infections in people are not fully understood (Government of Canada, 2015; Helke et al., 2017; Hoelzer et al, 2017; WHO, 2018) . Globally, fluoroquinolone use in broiler chickens was linked with fluoroquinolone-resistant Campylobacter infections in people (Cheng et al., 2012; Endtz et al., 1991; Gupta et al., 2004) . In the European Union, the emergence of vancomycin-resistant enterococci in people was linked with avoparcin use in pigs and chickens (Cogliani, Goossens, & Greko, 2011) . In Canada, changes in the use of ceftiofur, a third-generation cephalosporin, in broiler chickens mirrored changes in the incidence of ceftriaxone-resistant Salmonella Heidelberg infections in people (Dutil et al., 2010) . However, some studies have reported that resistance patterns in livestock do not always correlate with antimicrobial resistance trends observed in humans (ECDC/EFSA/ EMA, 2017; Mather et al., 2012; Threlfall, Day, de Pinna, Charlett, & Goodyear, 2006 ).
Quantitative models have been used to explore some of these observations, particularly. the relationships between antimicrobial use and antimicrobial-resistant infections in livestock and humans. However, these often investigate a single exposure (e.g., use of fluoroquinolones) and its association with resistance to a single antimicrobial agent in a particular bacteria (i.e., hazard) in a single population (e.g., fluoroquinolone-resistant Campylobacter in broiler chicken) (Hao et al., 2016; Horigan, Kosmider, Horton, Randall, & Simons, 2016; Hurd, Vaughn, Holtkamp, Dickson, & Warnick, 2010; Lewis et al., 2016; McEwen, 2012) , and not the over-all contribution of antimicrobial use, or the complexity of the epidemiology on the occurrence of resistance (e.g., multiple antimicrobials, bacteria, genes, host population, levels of aggregation, metrics of measurement and pathways of exposure).
Stemming from the considerable public health concerns about antimicrobial resistance (Government of Canada, 2015; WHO, 2018) , the complexity of the topic and the volume of published literature, there is a need to better understand what data currently exist and for synthesis of this information. Furthermore, to support evidencebased decision-making, there is a demand for an integrated understanding of the epidemiology of antimicrobial resistance (Barber, Miller, & McNamara, 2003; Garner et al., 2015; Laxminarayan et al., 2013; Newell et al., 2010; So, Shah, Roach, Chee, & Nachman, 2015) .
This approach should incorporate data from the major agricultural species, human sources, the natural environment (e.g., soil, water), other sites with antimicrobial resistance genetic determinants (e.g., hospital environments) and transmission of genetic determinants or bacteria between sites and populations.
External validity of available data is an important consideration when using integrated methods to develop a better understanding of the epidemiology of antimicrobial resistance (Sargeant & O'Connor, 2014a) . The data collected may be from diverse sources including other populations, settings or time frames. Describing, and reviewing qualitative features including geographical location, outcome measured, production stage, study population and type of interventions are critical components of any synthesis approach, including quantitative modelling.
To inform future efforts to quantitatively model antimicrobial resistance along the agri-food chain using integrated assessment models for the major food animal species in Canada (beef cattle, broiler chicken, and pigs), our research team conducted a scoping literature review to identify and describe factors potentially linked with the occurrence of antimicrobial resistance. A factor was defined as a measured observation whose relationship with antimicrobial resistance was investigated (e.g., antimicrobial use; management system).
Taking a pragmatic approach, the research team targeted selected "scenarios" (Figure 1) . A scenario was defined by resistance to an antimicrobial or antimicrobial class in a specific bacterial genus/species in a defined host population (e.g., fluoroquinolone resistance in Campylobacter jejuni from broiler chickens). Results of the scoping review are presented herein, whereas results of other components (e.g., integrated assessment models) of the larger Integrated Assessment Modelling of Antimicrobial Resistance (IAM.AMR) project, including quantitative aspects, will be published separately.
Therefore, the objectives of this study were (a) to qualitatively describe the available peer-reviewed literature reporting potential relationships between factors and antimicrobial resistance in selected scenarios and (b) to identify and highlight data gaps. The selected scenarios were as follows: resistance to extended-spectrum cephalosporins in Escherichia coli and Salmonella enterica from beef
Impact
• There are numerous studies published about antimicrobial resistance; however, fewer studies report on factors that may alter the occurrence of antimicrobial-resistant Campylobacter species, Escherichia coli and Salmonella enterica in specific food animal populations (e.g., beef cattle, broiler chickens or pigs).
• The most common factor reported in the literature that potentially affected antimicrobial resistance in Campylobacter species, Escherichia coli and Salmonella enterica was antimicrobial use. There was a substantial data gap regarding other factors, including interventions that may reduce the occurrence of antimicrobial resistance.
• Most of the retained studies were performed in the United States. There is a need to study factors that may reduce antimicrobial resistance in other geographic regions, including Canada.
cattle, broiler chickens and pigs; resistance to fluoroquinolones, macrolides or tetracyclines in Campylobacter species, E. coli or S. enterica from broiler chickens.
| ME THODS

| Literature search terms and strategy
A goal of the literature search and screening was to identify sources of data for all components of the larger IAM.AMR project. Consequently, the search strings and screening of references were broader than what was needed to meet the objective of this scoping review; yet comprehensive enough to capture the references targeted for this review. Comprehensive literature search strings were developed and pretested in Medline to return records for both human and animal populations of (a) the frequency of antimicrobial use or resistance (results not presented) and (b) the factors potentially associated with antimicrobial use or resistance (results presented herein; Appendix 1). The characterization of associations was broad and was not limited to interpretations of statistical significance, but included nonsignificant, causal and correlative relationships, or possible spurious findings. The searches included multiple broad and specific search terms for antimicrobial susceptibility, antimicrobial use, and population (animal or human), and specific search terms for Campylobacter species, E. coli, and S. enterica, and searches were not limited to a particular study design (e.g., observational, experimental, field trials, mathematical models). Following the pretest, Medline and three other databases were searched as follows: Agricola, Centre for Agriculture and Bioscience, and Cumulative Index to Nursing and Allied Health Literature, using database-specific search strings adapted from the initial pretested Medline search string. The initial search was conducted in May 2015 and was updated in June 2016. All citations were exported and deduplicated (electronically and manually) in a web-based bibliographic database manager (Mendeley Ltd).
| Scenario selection
Antimicrobial resistance is a very broad topic and the research team targeted selected "scenarios" (Figure 1 ) to represent common bacteria studied or under surveillance in Canada where resistance maybe concerning to permit data integration (a) across host populations (beef cattle, broiler chicken and pigs) and (b) across bacterial species within a host population (e.g., resistance to fluoroquinolones, macrolides and tetracyclines in Campylobacter species from broiler chickens). A scenario was defined by resistance to an antimicrobial or antimicrobial class in a specific bacterial genus/species in a defined host (animal or human) population (e.g., fluoroquinolone resistance in Campylobacter jejuni from broiler chickens). Nine scenarios were selected (resistance to extended-spectrum cephalosporins in Escherichia coli and Salmonella enterica from beef cattle, broiler chickens, and pigs; resistance to fluoroquinolones, macrolides, or tetracyclines in E. coli, S. enterica, or Campylobacter species from broiler chickens). These scenarios were selected after the literature search was conducted and prior to data extraction to streamline the multitude of potential antimicrobial-bacteria-host population combinations possible.
| Relevance screening of abstracts and fulltext citations
Initially, each abstract (or title, where no abstract was available) and full-text articles were screened independently by two reviewers (Figure 2 ). Studies were included for the scoping review, excluded or reserved for the larger IAM.AMR with agreement by two reviewers. In the case of disagreement, the decision to include, exclude or reserve was based on review by a third member of the research team. The purpose of the screening was to identify studies for all components of the IAM.AMR project, including studies from any geographical region reporting factors potentially linked with antimicrobial resistance from the major Canadian food-animal species for the nine selected scenarios (results presented herein).
| Qualitative data extraction
Primary data extraction focused on the initial nine scenarios.
Information including data about humans, other animal species, other bacterial species, other antimicrobial resistance data, and other sources (e.g., mathematical modelling, reviews, in vitro) was reserved for future work and are not discussed here (Figure 3) . The qualitative data extracted included animal population (e.g., beef cattle), antimicrobial susceptibility/resistance tested (antimicrobial class and specific antimicrobial; for example, extended-spectrum cephalosporin resistance, ceftiofur resistance), bacterial population (e.g., E. coli), bibliographic information, and geographical region. Other data extracted were description of factor(s) investigated (e.g., antibiotic-free production, antimicrobial use, organic), location along the agri-food chain (i.e., farm, abattoir, retail), production stage of animals (e.g., feedlot cattle, nursery pigs) and type of study (e.g., controlled trial, observational). Qualitative data were extracted from each study by a small group of trained research assistants (single entry per study) and managed using a pretested electronic spreadsheet program (Microsoft Excel 2016) with oversight by senior members of the research team.
| RE SULTS
| Features of references (overall)
There were 14,966 records (deduplicated and updated search) screened and reviewed for relevancy ( Figure 3) ; 28 references reported potential relationships between factors and antimicrobial resistance for the nine selected scenarios (beef cattle n = 4, broiler chickens n = 18, and pigs n = 6; Figure 3 ). The majority (57%) of the studies were conducted in the United States (n = 16) with two studies conducted in Canada. The remaining studies were conducted in Belgium (n = 2), France (n = 2), United Kingdom (n = 2), Denmark (n = 1), Japan (n = 1), Portugal (n = 1) and Spain (n = 1; Tables 1-4).
Factors potentially related to antimicrobial resistance in E. coli were reported by 17 references, S. enterica by six references (broiler chickens: S. Kentucky (n = 1) and unspecified serovars (n = 3); pigs: S. Agona and S. Orion (n = 1) and unspecified serovar (n = 1)), and C. jejuni by eight references (Tables 1-4) . Most of the studies analysed antimicrobial resistance data at the bacterial isolate level (n = 25). The other levels of aggregation reported were animal (n = 1), farm (n = 1), flock (n = 1), package (retail meat) (n = 1) and sample (n = 1). Only two studies reported factors at locations other than the farm: chilling methods at abattoir and packaging type at retail for broiler chickens. The most commonly evaluated factor was antimicrobial use, followed by farm production system (e.g., antibiotic-free, organic; Table 5 ).
| Features of references for specific scenarios
| Extended-spectrum cephalosporin resistance in Escherichia coli and Salmonella enterica from beef cattle, broiler chickens and pigs
Seventeen studies reported data on factors potentially linked with resistance to extended-spectrum cephalosporins in E. coli (n = 14)
and S. enterica (n = 5) ( Table 1 ) (beef cattle n = 4, broiler chickens n = 7, pigs=6).
For beef cattle (n = 4), all studies examined antimicrobial resistance in E. coli and evaluated antimicrobial use with controlled trials in feedlot cattle (antimicrobial use was the only evaluated factor). No studies reported antimicrobial resistance for S. enterica. One study was conducted in Canada, and the remaining studies were conducted in the United States (n = 3). Antimicrobial resistance results for E. coli were reported for the following: ceftiofur (n = 2), ceftazidime (n = 1) and ceftriaxone (n = 1).
For broiler chickens (n = 7), five studies investigated antimicrobial resistance in E. coli and three studies in S. enterica. Most of the studies were observational (n = 6), and one study was a controlled trial in an experimental unit. One study was Canadian, and the remaining F I G U R E 2 Decision-tree screening tool for identification of studies with factors potentially linked with antimicrobial resistance for qualitative review. See Figure 1 note studies were conducted in Belgium (n = 1), Denmark (n = 1) and the United States (n = 4). Susceptibility to ceftriaxone (n = 1) and ceftiofur (n = 5) was reported, and one reference reported identification of CMY-2 and CTX-M genes. Factors reported were antimicrobial use (n = 3), type of production system (organic, conventional) (n = 2), farm management factors (acidification of water, hygiene, number of feed changes, type of litter) (n = 1) and the type of retail packaging (n = 1).
Six studies reported data about resistance to extended-spectrum cephalosporins in pigs on farms (E. coli n = 5, S. enterica n = 2).
Four were controlled trials (weaned piglets n = 1, finisher pigs n = 3) on farms and two studies were observational (preweaned piglets n = 1, finisher pigs n = 1). No studies were conducted in Canada.
Studies were conducted in the United States (n = 4), Belgium (n = 1)
and Spain (n = 1). Susceptibility to ceftiofur (n = 5), cefoxitin (n = 1), TA B L E 1 (Contiuned) ceftriaxone (n = 1) and cephalosporins (n = 1) was reported. Factors reported were antimicrobial use (n = 4), antimicrobial use with copper (n = 1) and type of production system (antibiotic-free, conventional) (n = 1).
| Resistance to extended-spectrum cephalosporins, fluoroquinolones, macrolides and tetracyclines in Escherichia coli, Salmonella enterica and Campylobacter from broiler chickens
Ten studies reported data about factors potentially linked with resistance to extended-spectrum cephalosporins, fluoroquinolones, macrolides and/or tetracyclines in E. coli (n = 7) and S. enterica (n = 4) from broiler chicken(s) (Tables 2-4). Seven studies investigated antimicrobial resistance to fluoroquinolones (E. coli n = 5, S. enterica n = 3), one study investigated macrolide resistance in S. enterica, and six studies investigated tetracycline resistance in E. coli (n = 3) and
S. enterica (n = 3).
Most of the studies were observational (n = 8), and two studies were controlled trials. One study was Canadian in origin, and the remaining studies were conducted in the United States (n = 5), and Belgium, Denmark, Portugal and Vietnam (n = 1 each). Factors reported were antimicrobial use (n = 5), farm management factors (boot changes, intensity of management) (n = 2), type of production system (conventional, organic) (n = 2), method of chilling at abattoir (n = 1) and the type of retail packaging (n = 1).
Eight studies reported data on factors potentially linked with resistance to fluoroquinolones, macrolides and tetracyclines in
Campylobacter species from broiler chicken(s) (Tables 2-4). Seven studies investigated resistance to fluoroquinolones, five studies investigated tetracycline resistance and four studies investigated macrolide resistance. Most of the studies were observational (n = 7), and one study was a controlled trial. There were no Canadian studies.
Three studies were conducted in the United States, and the remaining studies were conducted in France (n = 2), the United Kingdom (n = 2) and Japan (n = 1). Factors reported were antimicrobial use (n = 4), type of production system (organic, conventional) (n = 3) and method of chilling at abattoir (n = 1).
| D ISCUSS I ON
Antimicrobial resistance has been studied for decades and has a vast and diverse body of peer-reviewed literature. However, when investigating risk factors or potential interventions to alter the occurrence of antimicrobial resistance in a specific antimicrobial-bacteria-host population, there is little breadth or depth in the published literature; this finding has been observed in previous work (Murphy et al., 2016) . In the present study, antimicrobial use (particularly therapeutic use) was the most commonly reported factor investigated for the selected scenarios. This is not unexpected and is an important finding, as there is widespread recognition that antimicrobial use is an important contributor to the occurrence of antimicrobial resistance.
However, despite the important role of antimicrobial use on the occurrence of resistance, there are other potential factors occurring at various points along the agri-food chain that may impact the occurrence of antimicrobial resistance (Singer, Ward, & Maldonado, 2006) . The most common nonantimicrobial use factor identified in this study was type of management system (e.g., antibiotic-free, conventional, organic). Although identified as a single factor, it is a global variable that could encompass many practices (e.g., antimicrobial use, feed, housing, intensity of production, stocking density).
Further work is needed to characterize the contribution of specific practices within the various management systems on the occurrence 
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